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(- v 2 + y 2 )ijj = (E 2 - 2 V c E 0 + v 2 - 2 3^.)# (17/ 

The coulomb potential has been calculated assuming the 
nucleus to be a uniformly changed sphere. 

For the pion-nucleus optical potential, we have enplo ea, 
in turn, the standard Kisslinger form, the modified Krisslinger 
form and the local laplacian form. Further details a~ e the 
same as that given in sec. Bt, chap. 3. 

02 The Huclear wavef unction 

The absorption of p ion is followed by liberation of 
large amount of energy and a consequent high momentum 
transfer. This necessitates a correct choice of nuclear 
wave functions which incorporate short range correlations. 

Hence the wavef unctiong has been generated by a HE type 
variational calculation^ employing a spherically symmetric 
HE' field for the Helium-4 nucleus. With this proscription, 
the wavef unction is given by 

| Nucleus> = 2 <jm 3 -mi 00 > 4^ utron (3*) (18) 

m 
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curves A and B. Further, all the curves A, 3 and 3 exhibit 

a minima around 80°, On the other hand curve 0 in Fig. 23 

is obtained by taking into account the proton distortion 

through the variational approach however this ignores the 

incident p ion distortion. This result is one order lower 

than that of curve D . This is expected because curve D 

takes into account both the coulorabic and nuclear distortion 

of the pion. However curve 0 does not e xhibit any minima. 

In fact this is consistent with other results which ignore 
. ll 1 9 

p ion distortion ’ where the calculations have teen done 
on 12 C and 16 0. 

Unfortunately no experimental results are available on 

4 4- 3 13 

He (tc ,p) He reaction. However Gabat huler et . al have 

measured the differential crosssection for the reaction 

3 He(p , 7 t + ) 4 He (g.s.) for 6 = 0° corresponding to the proton 

kinetic energy of 600 Mev. The measured crosssection in the 

14 - 1 

lab frame comes out to be 18 + 2 vb/sr . B. Tatischeff ct. a! 
have measured the differential crosssection for the reaction ! 
3 B 3 (p , 7 t + ) 4 He corresponding to the proton kinetic energy at ; 
415 Mev. For 0 = 0°, their data indicates a value of 
around 13 ^b/sr. 

> 15 

Applying the principle of detailed balance , 

16 

crosssections of the two reactions are related by 
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PREn PI ON ABSORPTION BY LIGHT NUCLEI 


A thesis submitted in partial fulfilment of the requirements 
for the degree of DOCTOR OP PHILOSOPHY by Mr. N. Chandrasekhar 
to the Department of Physics, Indian Institute of Technology, 
Kanpur-208016 . 

August 1981 

A new era in pion physics was ushered in with the advent 
of meson factories. It is because the pion possesses a totally 
different identity from the nucleon giving rise to new possibi- 
lities in the investigation of nuclear structure. This is by 
virtue of the pion being a spin zero boson and available in 
three charge states % + , m° and 71 “. 

Among the multifarious reactions possible with pion, the 
study of (it + ,p) reactions are attractive for a variety of 
experimental and theoretical reasons. The utility of studying 
this reaction is tjowe-f old . 

a) The high momentum transfers involved (~ 500 Mev/c) 
provide a method for probing the short range correlations. 

b) This reaction can be used to test the perturbation theory 
approach used in the study of pion absorption phenomena. 

c) This reaction may throw light on the mechanism of pion 
absorption. 
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d) Tnis can be used to study the single hole states in 

nuclei . 

'The earlier calculations have either ignored the nuclear 
correlations which is expected to be important or have taken 
into account nuclear correlations ,with pion and proton taken 
to be plane waves* 

The present investigation incorporates all the effects 
such as the initial pion distortion in the presence of 
coulombic and nuclear field of the absorbing nucleus prior 
to its absorption, the correlated wavef unctions for the 
nucleons and the distortion of the emitted proton in the 
field of the residual nucleus. In this context, one of the 
ingenious ways devised to tackle the problem of short range 
correlations is the unitary model operator approach (UMOA), 
With this, a generalized Hartree-Fock calculation can be 
carried out, starting with even singular interactions. The 
resulting wavef unction incorporates partially the short range 
correlations. One of the ways to put this into test is by 
means of pion absorption reactions where large momentum 
transfers are involved. 

The thesis consists of five chapters. The first 
chapter provides a short introduction to the pion-nucleus 
interactions in general. The second chapter describes 
a) the background physics involved in the formalism 7 
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b) gives a brief review ox experimental and theoretical 
work done on this reaction 

and c) the motivating factors which prompted us to pursue 
the present investigation. 

Chapter 3 gives details of our work on the positive pion 
absorption by Carbon and Lithium nuclei. The incident energy 
of pion is 70 Mev* The first part describes the formalism 
developed by us to study this reaction and the second part 
details the results and conclusions. The distortion of the 
incoming pions is tackled by solving the Kle in-Gordon equation 
employing in turn three kinds of pion-nucleus optical potentials 
viz the standard Kisslinger form, the Modified Kisslinger 
form and the Local Laplacian form. This has been done with 
a view to study their effects upon the crosse ction, in the 
presence of nuclear correlations. These are density dependent 
potentials* For the matter density, the density function 
generated from our Hartree-Fock wavef unctions has been employed. 
The coulomb potential has been calculated assuming the nucleus 
to be a uniformly charged sphere of finite radius. The 
nuclear wavef unctions employed are generated by a radial 
Hartree-Foek calculations. The sussex interaction is the 
basis for this calculations. The resulting wavef unction* 
incorporates short range correlations. Owing to its high 
kinetic energy (^160 Mev) the distortion of the proton wave 
is treated according to high energy (Glauber) approximation 
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starting from a complex square well potential. ‘The cross- 
sections have been calculated. The results are in good 
agreement with the experiment when the pion distortion is 
accounted through local Laplacian potential whereas the other 
two potentials give a higher value for crosssection. further 
investigative analysis include the relative importance of 
pion distortion, nuclear correlations and the proton distortion, 
the sensit ivity of the cross section with respect to certain 
parameters like the oscillator well parameter a, the proton 
optical well parameters etc., the ambiguity in the ps-pv 
interaction vertex employed and the qualitative and quantitative 
differences in the crosssection when the three kinds of pion 
distortions are employed in the presence of nuclear correlations. 

It is found that the undesirable sensitivities found in some 
previous calculations disappear in the presence of pion 
distortion and nuclear correlations. 

Chapter 4 describes the mechanism of positive pion 
absorption by Helium-4. This was motivated by two considerations, 
first is the reasonable success achieved by the present formalism 
in the case of Carbon and Lithium, and second is that the radial 
HP formalism developed should work very well with Helium, this 
being a 'spherical' nucleus. Hence, the calculations have 
been done on this reaction in the present formalism. further, 
to isolate any characteristic features which might have been 
induced by a complex square well and high energy approximation, 
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the proton distortion has been taken into account through 
a different scheme . In this formalism the proton-Helium 5 
system is considered as a two cluster problem. This approach 
is similar to one-channel approximation in Resonating group 
method as applied to study low energy scattering phenomena. 
This variational method has been applied to this reaction to 
see its effectiveness in scattering phenomena of slightly 
higher energy. Finally, the crosssections obtained are used 

rz 4 - 4 . 

to calculate the crosssection of He(p,ft ) He reaction using 
the principle of detailed balance . The results calculated 
compare favourably with the existing experimental results. 

Chapter 5 summarises the conclusions of our findings. 



CHAPTER 1 


PION NUCLEUS REACTIONS 


AIT INTRODUCTION 



CHAPTER 1 


PIOWUCLSUS REACTIONS-AN IH2BODIK55ELOK 


Pions came to be known in Nuclear Physics even before its 

1 

actual discovery in 1947 , with the meson theory of Nuclear 
forces propounded by Yukawa . Since then the subject of pion 
interaction with nucleus has been occupying the attention of 
physicists. Yet it remains a young field. Particularly the 
last decade has seen many theoretical and experimental investi- 
gations, with the advent of meson factories. What is it 
that makes this subject worthy of so much attention it has 
received? 'There are many factors responsible for this. 

1. Pion is a pseudo scalar boson with spin zero. This lack 
of spin makes the theoretical treatment simpler. 

2. Pion being a boson can be created and destroyed singly. 
Hence the production and absorption proce sses are 
fundamentally different from the processes involving 
nucleons alone . 

3. Availability in three charged states makes double charge 
exchange reactions possible. This provides access to 
otherwise inaccessible states. 
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4 . The incident pion is a distinct particle from the nucleon 
in the nucleus. Consequently antisymmetrisation with 
respect to the projectile is not required. 

5. At low energy the a S’ interaction is ten times weaker 
than the JM interaction. This justifies many approxi- 
mations in theoretical treatment. 

6. The pions are the quanta of nuclear forces. Consequently 
there is a hope that the interactions with real pions 
will shed some light upon the M dynamics. 

7 * Using and n~ incident beams in scattering experiments 

interchanges the roles of neutrons and protons in the 
process. 33 his provides a means to probe the relative 
proton and neutron distributions. 

8. Stopped pion upon absorption by a nucleon liberates a 
great deal of energy. Consequently the momentum 
conservation demands the involvement of atleast two 
nucleons* This provides a method to study the M 
correlations, as well as ’hole 1 states in nuclei. 

Having seen various features which mate pion an attractive 
probe in the investigation of nuclear structure, let us look 
at some of the possible reactions with pions. 

A. Single Charge Exchange Reactions 

The charge exchange reactions (ix + ,%° ) and (•rc 0 ,it‘”) are 
sensitive to neutron density distribution while the reverse 



reactions axe sensitive to proton density distribution. Thus 
they furnish a method to study the possible difference between 
charge and mass distribution in nuclei. In this, they are 
similar to (p,n) end (n,p ) reactions. 

B. Double Charge Exchange Reactions 

The Double Charge exchange reactions (tc- , 7 1 + ) are 
something, unlike nucleons, possible with pions by virtue 
of its isotopic spin being 1. Such kinds of reaction provide 
access to nuclear isobar ic states not possible with nucleon 
probes and can be used to study these levels. Further if it 
involves only two nucleons it may possibly enlighten us about 
Eh correlations in nuclei. 

C. (it,nX) Knock out Reactions 

Experiments have been done to measure the total cross- 
section for the reactions (itjitlO and (x, itHh) on some 

3 

light and intermediate nuclei at different pion energies • 

4. 

One interesting result of such measurements by Chivers et. al. 
at 180 Ivlev with % + and on 12 C, and ^0 is the 

following ratio 

— , i 1.0 + 0.1 . 

°(s + ,* + n) + p ) 

This is interesting because, in the impulse approximation 
considering only (3,3) resonance this ratio would be 3. 
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In addition spectroscopic factors can be deduced from the 
crosssection measurements and compared with shell model 
es u imate s * 

D. P ionic Atoms 

Like muons, negative pions stopped in the target get 
trapped by tie coulomb field of tie host nucleus. Normally 
it gets trapped in a high n level. It cascades down to 
lower levels emitting Auger electrons and X-rays. She fact 
that the pions can interact with nucleus through strong 
interaction as well, affect the levels of p ionic atoms in 
three ways. It causes a level shift, a level width and a 
reduced intensity of electromagnetic transitions. Their 
measurements can throw light upon the mechanism of strong 
interaction between the pion and the nucleus. Pionic atoms 
have been systematically studied over the whole periodic 

5 

table , She data have been explained well within the frame - 

6 

work of multiple scattering theory . 

E. Bound Pion Absorption Reaction , HIT) 

A negative pion which stops in matter is eventually 
captured in an atomic orbit and ultimately absorbed by the 
nucleus. Shis reaction has been studied for the last three 
decades since pion beams became available . In this reaction 
the nucleus receives practically no momentum but an energy of 
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about 140 Mev corresponding to the pion rest mass. ibis 
corresponds to a momentum transfer of roughly 500 Mev/c . 

The probability of such momenta in the nuclear wavef unction 
is very small and therefore absorption by a single nucleon 
is largely suppressed. Hence this absorption is dominated 
by two nucleon emission. This reaction provides a means 
to investigate two hole states in nuclei. Further the 
absorption being done by two nucleons which would have a 
high relative momentum, one hopes to learn something about 
short range MI correlations. 

The nuclear absorption of negative pion leads to the 
ejection of two nucleons, in general. In complex nuclei 
there is a small probability for the absorption to be 
followed by the emission of a high energy photon. This 
process is known as Radiative pion absorption. There is 
evidence that radiative pion absorption leads to the 

8 

excitation of spin-isospin collective states in nuclei . 

And such states are known to be of importance in determining 
muon capture rates^. It is this connection which has 
stimulated lot of interest in this reaction. 

F Free Pion Absorption and Production Reactions ,p ) , (p ) 

The study of (ti + ,p) and (p,r^ + ) reactions on complex 
nuclei are attractive because only two body states are ! 

involved. It provides access to single neutron hole or 



particle states in analogy with the neutron pick up or 
stripping reactions. Unique kinematicai signature of 
the outgoing particle has resulted in good experimental 
data particularly in (p ,% ) reactions. further 
hecause of large momentum transfers involved these reactions 
can be used to test the structure of short range correlations 
in nuclei. fhey can also be used to study the validity of 
the one-nucle on model (OHM) for tc-absorption and production 
processes. It has also been suggested that these reactions 
can be used to study the validity of the perturbation theory 
approach as applied to low energy p ion-nucleus interactions. 
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CHAPTER 2 


PQIIKDATIOIS 


A. I1ITRO DUG '1‘IOE 

The theoretical analysis of elastic scattering of pions 
by nuclei has been based on three fundamental approaches. 

a) Impulse approximation, with multiple scattering correction 
in some cases. 

b) Phenomenological optical models with parameter fits to 
the data. 

c) Optical models derived from multiple scattering theory. 

In order to study p ion-nucleus interaction, it is essential 
that one has sufficient knowledge about p ion-nucleon interactions. 
The p ion-nucleon interactions have some important characteristic 
features in comparison with nucleon-nucleon interactions. Unlike 
nucleon-nucleon crosssection, the p ion-nucleon crosssection 
exhibits a considerable energy variation. At low energies, the 
nucleon-nucleon crosssections are in barns while the tcN cross- 
sections are in millibarns. The most striking feature of nil 
crosssection is the presence of (3,3) resonance at 195 Mev. 

However at high energies the HU and itN crosssections tend to be 
equal ( ^ 30 mb and ^40 mb respectively). 



9 


These characteristic features of itN interactions are 
reflected even in -n-Hucle us interactions. Firstly, these 
reactions _often show energy variations indicating the effect 
of ah resonances. Secondly the a-huclear interactions 
at low energies tend to be weak, being amen able to approximation 
methods like multiple scattering theory. This provides a 
means to construct an optical potential bet?;een pion and nucleus 
at least in principle. 


B. P ION— NU'CLE US OPTiCii POTENTIAL 


A n optical potential is one that describes the scattering 
of an incident particle by a nucleus by means of an interaction 
potential wnicn is independent of the coordinates of the indi- 
vidual nucleons and which depends only on the coordinate of 
the incident particle with respect to the nucleus as a whole. 
This approach reduces the complex, many body problem of 
-nucleus elastic scattering to an effective two body problem 


in which the nucleus always remains in its ground state. 
Derivation of Optical Potential 


It is assumed that the p ion-nucleus system is described 
by the Hamiltonian 


A 

H = T + H, t + 2 v. 

* ■ h i=l x 


= H + V 
c 


( 1 ) 

( 2 ) 
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where represents the free pion Hamiltonian and is 

the nuclear Hamiltonian and v^ represents the p ion-nucleon 
interaction. (Three body and higher order forces are assumed 
to be negligible. 

The Lippmann-Schwinger integral equation for scattering 
is given by 

T = V +V& I ' (3) 

where the Green’s function is 

G = (E - H f in)" 1 n - CT (4) 

The division of the Hamiltonian into an unperturbed 
part H q = H^ + T and a perturbation V = £ v.. implies 
that one has some sort of solution to the nuclear Hamiltonian, 
Hjj. And one is prepared to cope up with the complexities 
arising with its inclusion in the propagator, which has the 
effect of burying the nuclear dynamics in the heart of the 
multiple scattering treatment. One permits this with the 
knowledge that later on under certain conditions the nuclear 
effects can be approximated as small. 

An exact multiple scattering solution of eqn.( 3 ) is 

T = £ t! + 2* t! G tl + £ 1 t! G t ! . G t* + ... (5) 

i 1 ij 1 0 J ijk 1 0 3 0 * 

I ’ * 

The first term in the series corresponds to scattering by 

one nucleon, the second to scattering by two nucleons and so on. 
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The notation 2 ! means that two successive scatterings by 
a single nucleon are to be excluded. Such terms are already 
included in the definition of t-matrix for scattering of pions 
from bound nucleons, 


t! 

i 


v. 

1 


+ 


V. 

1 



( 6 ) 


It is seen that t! conta,ins the full nuclear Hamiltonian 

i 

in G- . The p ion-free nucleon amplitude satisfies a similar 
equation but with in G Q replaced by a free one nucleon 

Hamiltonian. Thus t£ is a complex many body operator 
while t^ is not . 

The elastic scattering amplitude is given by the nuclear 
ground state expectation value 

T = <0|T|0> (7) 

which is a function of p ion coordinates only. The optical 
potential U in analogy with eqn. (3) is defined by 


T = U + U G T 
c c c 

Using eqn. 5, it becomes 


(3) 


T 

c 


s t! + S' (t* Gtn + 2* (t! 

i 1 c ij 1 ° 3 ° 


id* 


G t! G t* ) +.. 
03 o he 


(9) 


Thus the problem of p ion-nucleus elastic scattering has 
been reduced formally to solving a one particle problem with 
the Hamiltonian T + U, 

7t 





In principle an optical potential exists but it is 
energy dependent and non-local. It must also be non- 
Hermitean due to the loss of flux from the* elastic channel 
to other channels. Useful expressions for U are obtained 
by making approximations. 

1. Impulse approximation 

This approximation amounts to 

t* = t x . (10) 

It is reasonable for energies large compared to nuclear 
b inding energie s . 


2. Goherant approximation 

It is assumed here that the nucleus remains in the ground 
state throughout the scattering process i.e. no excited nuclear 
intermediate states contribute. 


i.e. (tpohlVe = \ & o \ G ° \ 


consequently eqn. (9) becomes 


( 11 ) 


2 t. + 2’ t- G t. + 2 ’ t. G t. G t +.. 


C i S 13 


ti . VT U . ~T Li v. V* u.u v-j 

i x = 0 ^e ijk *e 0 3e 0 k c 


( 12 ) 


3. large nucleus approximation 

If A is large, then one can set 2 l = 2 
Bqn. 12 reads then 


T =2 t . +2 t . G t . + 2 t . G t. G t, +»«< 
0 i x o a x o 0 3 C ijk x e 0 J e 0 k e 


( 13 ) 
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X • Q * 

•2 = (Z t- ) + (£ t, ) G E (14) 

C v -l^ v X / OC 

c c 

comparing with (s) one finds 

U = Z t, (15) 

i 

r c 

This is the lowest order optical potential. 

4. Static Approximation 

The assumption here is that the position of a massive 
nucleon is unchangeable by the scattering of a pion. 

Then eqn. (15) becomes 

<P* |U|p> = Z <p»|t |p> P(P’-P) (16) 

i 

where p* and p are the pion momenta. Here 

P(q) = J e l ^ r p (r) d 5 r (17) 

is the nuclear form factor, which is the fourier transform of - 
the nuclear density function, which is normalised to unity 

/ p (?) d 3 r = 1. (18) 

9 

A relatively simple optical potential is obtained from 
eq.. (16) if .one assumes forward scattering approximation for t* 

<?'itjp> p(p'-p) % <jjtjp> p(p f -F) * p ^p l -p> 

(19) 

Here one assumes first that p (q ) drops off rapidly with 



increasing q, and then the wave function in momentum space is 


strongly peal® 61 about the incident momentum p Q . 
space u is now local. 


In coordinate 


U(r) = (2 tc) 3 A <P 0 i t|p 0 > p(?) 


( 20 ) 


where <p l tip > is suitably averaged over ic-p and it-n 
amplitudes. Calculations based on this simple model invari- 
ably fit, only small angle data. This model fails to take 
into account, the dominant p-wave character of low energy 
■rc -nucleon scattering*. Noting that usually t^p holds 
Kisslinger 3 substituted into eqn. (16) 


<p‘ | tjp> = a Q + a x P cos 0 
= a Q + a^p* .p 


( 21 ) 


obtaining 

<r J U4>> = (2it) 3 A £ a 0 P4>~ v.(p v 401] 
or in terms of momentum operators 


U(r) = (2 tc) 3 A j3 a Q P“ a^p.pp 3 

Eqn. (22) is the ’’standard Kisslinger potential’ 1 . This 
is a density dependent non-local potential. The vp term 
suggests a strong surface sensitivity for pion scattering, 
Erom eqn. (22) one gets 

2E UtJ* = Ab^ ^.(p^ty) ( 


where 



( 25 ) 

(25) 


b 0 = - 2 ( 2 ”) 3 Vo /4 

b 1 = -2(2ti ) 3 

a form suitable for Klein-Gordon equation. The b’s are 
proportional to a-nucleon amplitudes and are independent of 
nuclear parameters (Here S Q is the total pion energy) . 

They are related to phase shifts in a-nucleon centre of mass 

4 

system through 

A u 2 +M 2 +2E M 

b o = 2| ^JS(a 3 +2a 1 )/3 + Z (26) 

A l^+ir+2E M 

b l = J2 C N (2a 33 +a 31 +4a 13 +2a 11 )/3 

+ 2(2a 33 + a 31 )3A“ 1 (2?) 

where u is the pion mass, M the nucleon mass and Z,N 
are proton and neutron numbers, = exp (i6^) sin 6^ 
where 6^ are the a-nucleon phaseshifts and i=(2T,2J). 

For a n~ and nucleus (ZN), the factors Z and 1 are interchanged 

The behaviour of b’s have teen studied by Auerbach e-fc.al 
Since b 1 is dominated by a^^/p % (o 33 + ^33 )/P and. 6 33 

3 

has the expected p behaviour, Re b 1 is almost constant 
for T <130 Mev. And Im b^ is rapidly increasing with T^« 

pop 

Im b ^ (26~ + 6^)/p has the expected 1/p behaviour. The 

I:..:. O G X 

leading terms in 26 3 and 6^, linear in p nearly cancel so 

2 

that Re b ^ (26„+5 1 )/p is surprisingly constant. It is 

O G X 



-Lb 


clear that the largest uncertainty is associated with 

Re t> 0 since moderate deviations from the free rc-nucleon 

amplitudes ma3 r spoil the accidental cancellations and lead 

2 

thereby to much larger values with a 1/p variation. 

Local laplacian Potential 

She Kiss linger model assumes an off-shell p ion-nucleon 
scattering matrix defined by eqn. (21). Other models of 
off-shell behaviour are also possible. For example one can 
choose the off— shell p ion-nucle on scattering matrix to be a 


function 

of 

the momentum transfer (q = p’-p) alone 0 . 

On 

shell (j 

Pi 

= [p’i = p ) we have 




P'-P = (P 2 + P ,2 )/2 - l 2 /2 

(28) 



2 2 „ 

= P 0 -1/2 

(29) 


Thus one can choose alternately the off-shell scattering 
matrix as 

<P * i tl p> = a Q + a 1 (p^-q. 2 /2) (30) 

in the place of eqn. 21. 

This results in the Local Laplacian form of the optical 
potential, which in coordinate space reads 

U(r) = (2 tl) 3 A L ( a 0 +a i£ ) o^ P + I a l ( 31 ) 

Modified Kisslinger Potential 

Doubts have been expressed about the validity of 
some of the approximations made in deriving the Standard 
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Kisslingpr form , Rejecting the static ap p r ox imat ion , Mac h 

has taken into account the fermi motion of the target nucleons. 

This introduces additional terms into Kisslinger potential. 
'The resulting form is 

->■ v * _ _ S g 

U(r ) = ( 2 % ) a £ a Q p -a 1 v.(P7j + ^ pH ( 32 ) 

G. PI OH HDGLBOK INTERACTION VERTEX 


It would he useful to have a hamiltonian formalism to 
describe pion nucleon interactions. This will be convenient 
for processes like pion absorption and for kinematical 
situations in it -nucleus interactions which do not correspond 
to the kinematics of free m-H scattering. There is no 
satisfactory theoretical basis for finding such interactions, 
although in analogy with electrodynamics, field theoretic 
models have be e neb ve loped . Particularly the process of 

pion absorption m+N — M can tale place only ’virtually 1 , 
that is in the presence of otter p. articles to conserve energy 
and momentum. 


One can start from Lagrangian densities 


L,- 


int ^pp % y 5 % 


or 


tint = y r y v 9 * 


(33) 

(34) 


where interaction (33) Is called ps-ps (ps: pseudoscalar) 
interaction and (34) Is ps-pv (pv: pseudovector) interaction. 
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- 4> is the picnic field and axe the source spinors* 

A non-relativist ic reduction of either terns coupled with 
the fact that in the non— relativistic limit ^<y y a > 

a I b ~ 

is small yields the following Hamiltonian 

H int = f / y $(*' ) (35) 

O 

Incorporating isospin invariance this modifies into 

H Int = p d ? - ?, i ) e.vJ'-V (36) 

It 

for a point nucleon this reduces to 

Hmt = f /n c-\ t.J o(r-r’) (37) 

This is the Hamiltonian in the static limit. However this 
does not satisfy Galilean invariance. This invariance can 

9 

not be strictly defined for virtual particles. In attempts , 

not completely justified, to recover some sort of Galilean 

invariance, one defines the pion velocity as v ^_k/e, and 

(p+k/2 )/M = ? as the nucleon velocity averaged over momenta 

before and after absorption. Then H a v -v TT is Galilean 

v o % i'i 

invariant in the sense given. Consequently in the non-static 
limit eq. (37 ) becomes 

H^-f. = [[[ f/v (1— rjjj) ° * v^. § a. Vjj ^ o(r-r * ) (38) 

The interaction vertex in the static limit also appears in 

IQ 11 

Chew-Low theory 1- , Barnhill* has pointed out that a 
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careful non-re lativ is tic reduction leads to ambiguity in the * 
coefficient of the second term i.o. in the coefficient x 
when eq.(38)is written in the form"^ 


H int 


L f > (i-sr) 


ZM' 


% 


T.<J> - ) a.%2c(r-z' ) 


(39) 


13 

This ambiguity has been studied by various authors . In 
conclusion two main criticisms of non-re lativis tic model 
has been levied, firstly the non— relativistic treatment 


of a typically relativistic pseudoscalar nI interaction 
operator is certainly not adequate for all kinomatical 
situations. Secondly it is probably questionable to treat 
wavef unctions of bound nucleons in a purely non-re lativis tic 
fashion especially in such processes involving high momentum 
components. 


D. SHORT RANGE CORRELATIONS IN NUCLEI 

t 

Most of the realistic nucleon-nucleon potentials which 
fit the two body scattering data contain a repulsive core. 
Such a repulsive core will give rise to strong short range 
correlations which are not described well by an independent 
particle model. In the framework o'f Brueckner’s theory, 
the short range correlations are handled by using tie 

4gt *1 A 

separation method of Mozkowiski and Scott or the reference 

15 

spectrum method of Be the, Brando and Petschek . 
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In tbs separation method/", the actual HIT interaction 

is decomposed into a short range part v and a long range 

s 

part v £ . The separation distance a is a parameter so 
chosen as to have the hard core repulsive effects exactly- 
balanced for the low momentum states by enough attraction 
from the potential outside the core, Tlae remaining 
potential is then weak and non-singular and hence amenable 
to treatment by simple perturbation theory. 

16 

Another method proposed by Jastrow involves the multi- 
plication of two nucleon wave function in shell model basis 
by two body functions f(r. .) which introduce short range 

X 

correlations. The form of f is such that 


f(r.p - 1 as - - 

and f(r. J = 0 for r . . < r 

x<j x j vx 


( 40 ) 


This total wavef unction is then used as a trial wave function 
in variational calculation. 


1 7 

Deshalit and We isskopf goes one step further to 
introduce a two particle correlation factor f^r^..}, 
which are dependent on (a{3 } unlike the Jastrow correlation 
f actor . 


Unitary Model Operator Approach. 

1 O 

In this approach/ actual nuclear wavef unctions are 
generated from a set of uncorrelated basis states by a 
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unitary transformation. Tie corresponding unitary operator 
is taken to be of the form exp (iS). 2 he form of S is so 

chosen that exp(iS) introduces short range correlations in 
the basis states $ . The application of this leads to 


an effective Hamiltonian 


n„n 


H eff~ <n li 2 l n 2 >a n 1 a n 2 + Z J‘ n a n 1 a n 2 Cn^je" 0 - 3 

. r ‘3 n l 
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■i C 


( WW T ia) (41j 


The higher order terms have been neglected because they 
are small. The form of U is taken to be harmonic oscillator 
type to simplify the calculation, 

iS 

Application of e re suits in 


a rS a = jh 

n l n 2 n l n 2 


(42) 


where 1 s are the uncorrelated basis and ^‘s are the 
correlated wave functions. The potential v^g is split 
into v^g and v^g such that v®g does not produce any 
energy shift in the pair state energy. Then 


H 


L eff 


n 1 ru, 


S <njTiru> at at + 2 at at a„ a. 

1 ^ n l n 2 n 1 n 2 

n 3 n 4 


n^^ng n„ n r 


4 3 


<<f> 


n i n 2 


hill 
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Having thus converted the realistic Hamiltonian 
containing hard core into an effective one which is regular, 
one can, set up and solve Har tree -Jock equation. 2 he 

wave function employed in the present work are the results of 

1 Q 

one such calculation ~ where spherical HP field was assumed 
and a radial Har tree-Fock calculation was performed, 

B FREE PIQN ABSORB 21 OH FOLLOWED BY THE EMISSION OB 
SINGLE PROTON 

El I N2RQDUC 21 ON 

The present work addresses itself to the study of free 
pion absorption by light nuclei with the emission of a 
single proton i.e. 

% + a p 4 A-l 

The interest in this reaction is prompted by its utility value. 

This reaction is similar to the (p,2p) or (e , e 'p ) 

20 

reactions used to study single hole states in nuclei. 

But the latter reactions suffer from the disadvantage of 
the need to detect two particles in the final state . On 
the contrary this reaction involves a single particle with 
unique kinematical signature , 

The reaction involves only two bodies either in the 
initial state or in the final state . This lends itself to 
relatively straightforward treatment from both experimental 
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and theoretical points of View. Consequently this reaction 
can be used to study the perturbation theory approach used 
in bo'und pion absorption reactions ~ or radiative pion 

2p 

capture . Sven though alternative methods exist for 

23 

handling the p ion-nucleus interactions, the standard non- 
relativistic limit of the pseudo scalar-pseudo vector inte- 
raction is usually the simplest means to introduce a detailed 
treatment of nuclear structure. Then it is essential to 
ascertain the validity of perturbation theory approach. One 

cannot use the two nucleon emission process following a bound 

pion absorption as there are three bodies in the final state. 

This males it difficult to isolate the possible discrepancies 

arising from perturbation theory approach. One cannot equally 

rely upon the radiative absorption of pions. Here the presence 

of electromagnetic field leads to the dominance of the so called 

24 

gauge invariance term . This term involves a point intera- 
ction between the pion, nucleon and the photon and hence does 
not yield information on the use of perturbation theory for 
the usual p ion-nucleon vertex. Furthermore it is more suitable 
than the process of single nucleon emission following bound 
pion absorption, for the latter suffers from the need to 
detect a neutron in the final state and.fnom an even greater 
degree of energy-momentum forbiddenness. 



■E2 REVIEW OF THEORETICAL WORK 

She first calculation of this reaction was done by 

p jr 

Letournex and Eisenberg in the formalism of first order 
perturbation theory. In- this calculation the incident pion 
and the outgoing proton were taken to be plane waves whereas 
the neutron was represented by HO wave function . She cross- 
section thus calculated has several undesirable features. 

First of all, the crosseection is extremely sensitive to the 
oscillator well parameter a changing by a factor of eight to 
three orders for different angles as one varies a over 
allowable range , It is also sensitive to the proton momentum 
and ambiguities in the interaction vertex. The calculated 
crosssection matches well with the data points corresponding to 
20° and 32° in the case of as measured by Amato et. al. 32 
In view of the fact that the formalism has ignored important 
effects like pion distortion, nuclear correlations and the 
proton distortion and is extremely sensitive to parameters 
like a, one can say that this agreement with experiment is 
only fortuitous. 

Of 

Jones and Eisenberg have employed distorted waves for 
both pion and proton in their calculation, while the neutron 
wavef uncticn is generated using a Wood-Saxon well. The pion 
waves are genera. ted using both Kisslinger and Kroll-Kisslinger 
potentials. Kroll-Kisslinger potential is a modification of 
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Kisslinger potential incorporating Lorentz-lorentz effect. 

The p ion distortion is found to stabilise the crosssections, 
unlike the previous calculation. However the calculated 
crosssection is much higher than the experimental value, 
Further the Kr oil-modification does not seem to affect the 

) crosssection. In fact even in bound p ion studies, 

34 

Ericson ! s work fails to confirm definitely the presence of 
a Lorentz-Lorentz type dependence in the average nuclear 
potential as seen by pions. Kaushal and Waghmare have 
employed HP wavef unctions for the neutron, to take into 
account nuclear correlations. The pion and proton are taken 
to be plane. Their calculation establishes the importance 
of nuclear correlated wavefunction in view of high momentum 
transfers involved in the process. The crosssection is 
found to increase by one order with the inclusion of correla- 
tions. However in view of the plane waves, the crosssection 

28 

is once again sensitive to a. Rost and Kunz have studied 
the (tt + ,p) reaction assuming single neutron pickup in a 
distorted wave Born approximation framework. Pion distortion 
is accounted through Kroll-Kiss linger model. However the 
%-N coupling constant f was used as an 

adjustable parameter to normalise the calculated results with 
experimental data. Their success is only qualitative. 

9q 

A field theoretical method was employed by Wienke to 
calculate the crosssection for this reaction. The pion and. 



proton were taken to "be plane while Harmonic oscillator 
wavef unction represented the neutron. However pion 
re-scattering was taken into account. The inclusion of 
re scattering terms stabilised the crosssection w.r.t. 
variation in a. 

Miller and Phatak studies this reaction assuming a 

pickup mechanism in a DW3A framework. The Kisslinger and 

Local Laplacian potential exhibit a divergent off-shell 

behaviour. Employing a different off-shell extrap olation 

with non-diverge nt behaviour, the pion waves were generated. 

Only the static part of the non-re lativis tic interaction 

vertex was employed. The calculated crosssection seems to 

31 

agree with the older data of Witten et. al* 

E3 REVIEW OP EXPERIMENT TAL WORK 

The first experimental measurements were done by Witten 
et. al. 31 . They measured the differential crosssection for 
carbon at 0 = 0° and 11° for pion kinetic energy of 73 lev 
and 68 Mev respectively. The resolution was 14 Mev (EWHM ) . 

The crosssections were obtained for capture by op 3 / 2 neu/tron 
leading to ground state and low lying excited states up to 
5 Mev. 

32 

The next experimental measurement by Amato et. al. 
studied this reaction on 6 Li, 9 Be , 12 C and 16 0 corresponding 
to pion kinetic energy of 70 Mev. The experimental resolution 
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was 3 Mev (IVEIM), In the ease of ~ G, the differential 
erosssections at e = 20° and e = 32° were measured 
leading to ground state end excited states upto 8 Mev. 

However in the case of Lithium, systematic measurement 

0 

have been done for a number of angles in the range 0 = 33 
to 0 = 90° leading to ground state and the broad unbound 
P-jyg state of ^Li which occurs at approximately 4 Mev. In 

a if 

the case of Be and 0 only upper limits of the differential 
crosssection at 0 = 25° have been obtained. 

33 

She latest measurement by Bachelier et. al. studies 
the oxygen system. Ihe differential crosssections have been 
systematically measured for e lying between 0° and 120°, 

< j 

leading to the (p 3 /2^ _ 11019 s ' bai:e a ^ 6.18 Mev and the (P-jyg) 

hold ground state .of 0. Measurements have been done 
corresponding to a p ion kinetic energy of 66 Mev. Ihe 
impressive feature of this measurement is the separation of 
the crosssection w.r.t. these two levels. Ihe energy reso- 
lution is 3.2 Mev (FWHM). 

E4 CONCLUSIONS 

Summing up the work that has been done so far, it is 
found that one is still not competent enough to comment about 
the perturbation theory approach in view of the various 
approximation which go into the process. It is because, 
inclusion of pion distortion consistently give higher values 
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27 

for crosssection. Further the work of Kaushal e t . al. lias 
established the importance of correlated wave functions for 
neutron. 2 his is obvious from the kind of momentum transfers 

involved in the process. Hence it is essential that one 
includes all the effects like pion distortion, nuclear 
correlations and proton distortion. and it is interesting 
to see then, the sensitivity of the crosssection with a, 
the ambiguity in the interaction vertex etc. In view of the 
importance of of f- she 11 e ffects in pion reactions, it is 
also essential to study the pion distortion through different 
kinds of optical potentials developed with different off- 
shell extrapolations. As for rescattering effects, the use 
of p ion-nucleus optical potential in a formalism incorporating 
re scattering would amount to double counting. 
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CHAPTER 3 


POSITIVE PION ABSORPTION BY LITHIUM-6 AND 0 ARBOR- 12 


A : INTRODUCTION 


The Pion as a nuclear probe and Its utility in 
understanding nuclear structure has become increasingly 
attractive in recent years. This is because of the fact 
that Pion possesses different spin and isotopic spin in 
comparison to the nucleon. further the pion upon absorption 
liberates a good amount of energy, consequently making it 
sensitive to different aspects of nuclear structure. 

In particular, among the pion reactions the (n + ,p) 
reaction has decided advantages over the rest. In order 
to effectively use the pion in understanding the nucleus , 
it is imperative that the reaction studied is not complex 
enough to complicate the isolation of different effects. 

In this sense, since the (n + ,p) reaction usually results 
in a single proton emission in the final state, its 
kinematic al signature is uniquely recognised.. Consequently 
experimental detection and theoretical treatment are straight 


f orward . 
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Hence, with the advent of meson factories, the reaction 

1—4: 

has been studied by different authors both experiment ally 
and theoretically . However there is general disagreement 
between theory and experiment. Shis discrepancy can be 
understood if one considers the absorption by a correlated 
nucleus. This is because the process in question deals 
with large momentum transfers (about 400 MeV/c in the forward 
direction) where the nuclear correlations become important. 

It is this aspect which motivated us to study this re action 
talcing into account all the effects such as the initial pion 
distortion In the presence of nuclear field of the absorbing 
nucleus prior to its absorption, the correlated wave- 
functions for the nucleus and the distortion of the emitted 
proton in the field of the residual nucleus * I he study of 

positive pion absorption by carbon and Lithium are presented 
in this chapter. 

B s THEORY OF PI OH ABSORPTION 


According to the first order time dependent perturbation 
theory, the differential crosssection for the (n*p) process 
is given by 

Ifr = — ^75 | E £ |<f|Hji>l® (3.1) 

dn ( 2%r q f 

where M is the nucleon mass, k and q are momenta of 
outgoing proton and incoming pion respsctively and E Q is 
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the total energy of p ion. j i> and j£> represent the 
initial and final states of the system respectively while 
H is the Galilean- invariant non-re lativistie pseudo- 
scalar -pseudo vector interaction (see sec. 20). 


" jL 

H = - Z L (1-P/2M) f. V x .J - v/ll T. tc. (3*2 ) 

Here f is the p ion-nucleon coupling constant, $ is the 

P ion field while a and t are the nucleon spin and isospin 

matrices. 7 acts on the d ion field and 7 acts on the 
it li 

nuclear wavef unction. 


The initial state comprises of the positive pion and 
the absorbing nucleus while the final state is made up of 
vacuum state of p ionic field, the emitted proton and the 
residual nucleus. 


Bl. Pion Wavef unction 

The incident pion has a kinetic energy of 70 Me 7 and 
hence the treatment has to be relativistic. In tin absence 
of any distortion, the pion will be represented by a plane 
wave . The pion will certainly be distorted due to both 
the coulomb and the nuclear field, of the absorbing nucleus 
prior to its absorption. Bence the appropriate Kle in- 
Gordon equation has been solved to generate the p ion-waves. 

The Kle in-Gordon equation for stationary eigenstates 
is obtained from the relativistic energy relation 
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~r\^ „ 2 2 / ~ \ 

s o = p + y ( o .. 5 ; 

by the prescription p — i v for the relativistic 

3-momentum. Since p an! E transform as the space and 
trme components of a 4-vector, one includes the electro- 
magnetic scalar potential $ and the vector potential 
A(r) with E and p respectively. In this treatment 
the electromagnetic interaction between ti; + and the 
nucleus is purely electrostatic and is represented by 0 
with, A(r) being zero. 

Then Eq.(3.3) becomes 

(S - Y f = p 2 + V 2 (3 .4} 

' o c 

where Y = e a . It is now obvious that one cannot add a 

c 

potential energy term arbitrarily. ihe Lorentz transfor- 
mation properties of such terms should be studied first. 
However since the pion-nucleus optical potential. accounting 

for the strong interaction between them is not completely 

14 

understood, it has been normally assumed to be a scalar 
and is included with the energy term E in (3.4). 

Consequently E -* E — Y - Y ]T (3.5) 

V — * 

Then E 2 -*- (E - Y q ) 2 - 2EY^ (3.6) 

ihe additional terms 2 Y c Vjj and V 2 are arbitrarily 

9 

dropped from the expression for E , 
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-Che Kle in-Gordon Equation now reads 

(_? 2 + p 2 ) 1 | ) = (E 2 -27 E +V 2 - 23 V,-j 4> 

o COC O £i' Y 


(3.7) 


Expanding ^ in partial waves as 


'P = £ 

£ 


a 9 (r) 


r i £ (cos 6) 


(3 .8, 


and substituting in (3.7) yields the following equation 
for each partial wave 


1 9_ d___) + Mi+il" 

6r • 


0 4- 

- "S s7 ( r er ■ ' + .2 


U 


r ^ (cos e) 


2 - r 2 


U £ 


= L4 fc +V c 6 - 2S o (Y c+ 7 1T ): ” ? £ (cos e) 


(3,9) 


As for the c noice of suitable p ion-nucleus optical 
potential, several forms have been proposed in the literature , 

1 5 

They include the Standard Kisslinger form , the Modified 

"1 i Q in po 

Kisslinger form and the Local Laplacian form ^ 

(Refer sec. 2B for details). They are explicitly given by 
Standard Kisslinger Potential : 


V,,(r ) = — Aq d p (r ) + Ab 1 v.p(r) " 


"M'~ ' ~o H '-' ' — 1 

Modified Kisslinger Potential 
2 


(3.10) 


_ __ a ( T + j]) _ g 

V H (r ) = -Aq s b n p(r ) + Ab 1 7.p(r) 7 - f — | b 1 7 p (r) 


o p 


2 ““I" 


1 


(3.11) 


Local Laplacian Potential : 

%(£ ) = -Aq 2 (b Q +b 1 )p(r) - | b 1 7 2 p(r) 


(3.12) 



KJ t 


where A is the nuclear mass in a.m.u, p is the nuclear 
matter density which is assumed to he spherically symmetric, 
i.e. p= P(r). b Q and. h 1 are potential parameters which 
can be related to the p ion-nucleon phase shifts (see sec. 2B), 

All these three potentials can be generated with proper 
choice of constants from the general form 


2 W ~ C A l p+ 


(3.13) 


With this substitution, eqn. (3.9) reduces to the following 
radial equation for each partial wave 


(ApP-l)u^ + A ? P’u» ={ 


P p 9 9 ,£)* 

-4- + q 2 -2V c E o+ Y 2 -A 3 (P”+ 


-A p+ 


lU+1) ( K 


(3.14) 


(A g P-l)> u £ 


where the primes denote derivat ives w j? .t . r. 



where f(r) and g(r ) are complex functions independent of . 
This equation (3.15) has been solved to generate the pion 
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partial waves employing, in turn, the three potentials listed 
in 3.10-3.12 . 

B2. The Nuclear Wave function : 

It has already been noted that picn upon absorption 
liberates a great deal of energy with a corresponding high 
momentum transfer. Hence it is essential that one has a 
right choice of Nuclear wavef unc t ion which takes into account 
the short range correlations. We have employed the wavef unction 
generated by a Hartree-Dock like variational calculation which 
takes into account central correlations. This is described in 
section 2D. The wavef unctions in this scheme is given by 

jNucleus> = 2 <jm j-mj 00> ^ utron ^(j-m) (3.18) 

HI 

= 2 — - 2 c £ I n£jm> xjn ^'(j-m) (3.19) 

m Y 25+1 n nn 11 c 

= 2 2 c £ <w| A | jm> j n£X> X bf E '( j-m) 

mf^+J ny nn 2 |a c 

( 3 . 20 ) 

where for spherical HD the summation is restricted only 

£ 

over radial quantum number n and c_ are the mixing 

nn 

coefficients. <aa bpjcy > are the Clebsch-Gordam coefficients. 

represents the nucleus exclusive of n + absorbing neutron 
and x’s are the spin wave f unc t ions . 
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B3 . She Outgoing Proton Wave function : 

The emitted proton will be a plane wave in the absence 
of interaction with the residual nucleus. In that case 
its wave function would be 

= e 1 ^ x, (3.21) 

r —A* 

2 

In actual reality the proton gets distorted due to 

its interaction with the residual nucleus. She interaction 

potential between the proton ana the residual nucleus is 

represented by a square well optical potential of radius 

R and strength 
o ° 

V = -(U Q + iW Q ) (3.22) 

Since the proton energy is high its distortion is treated 

25 

in the high energy Glauber approximation'" . Accordingly 
the proton wavef unction can be written as 

. oo 

= e ^* r exp £ r k S V(r + bk) db^ (3.23) 

r o 

where v is the proton velocity and k is a unit vector in 

96 

the direction of k. It has been shown*" that in effect 
this modifies the momentum of proton as 

U M W M 

k -* = k (1 + - i -§-) (3.24) 

k^ k^ 



and reduces the crosssection by a factor of exp (-27.' LS/lc) 

j. . O' 

1 3H 

where R = <(R 2 -r 2 s in 2 e ) 2 > = , e = (£,r) 

Consequently the final state will be represented by 

jf> = e^* r x- D * (a-n* ) (3.25) 

1 A’ c 

2 

where D is the damping factor given by exp (-tf MR/k). 

B4 . MAERIX ELEMENT 

The matrix element is given by 

<f[H|i>= Z f/V L z lJ .- — - c £ <S,X - A j jm’ >DE (3.26) 

nAA f 23 +T nn ^ 

E = <e ilc * r 0|pa.^ T.? -v/M t,| s, 

au. x, ,+ q> 

mat f^'i* 

' fj 

where j + q> denotes a positive pion of momentum q while 
<0 1 denotes the vacuum state of pion. 

The part of the matrix element involving pionic field can be 
27 

shown to be 

< 0 |t.<M+ q> = — — \ $(q»r) t (3.27) 

■m; 

where x + [neutron> = |proton> 

and $ (q,r) is given by eq. (3.8). 



41 


Then (3.26) becomes 


• ^ I 

<f j H| i> = — I 0 * <£X-|a| jm' > i L 33F' ! .(3.28) 


nx_ f 2 B o v ^ gj+l nn 
A jj ^ 


E* = <e ik! ^ x Is 5".? b- p/M« g. 7 |n£X Xl > 

J- A 1 ft " — A 


■ A ! 


Remembering that for any vector a 


28 


-* -* r, / ,\y 

a-* a. = 1 (,-i j a„ a 


y -y 


and 


< x i„lvi x i, > -n' !5 < l* lp ll A,> 

2 A 2 A 

29 

with the help of Wigner-E chart Theorem 
and a = ^ <*> . 

With all these substitutions in the matrix element and 
further evaluation it reduces to 


(3.29) 


(3.30) 


<f|n|i>= 2 8A 5L,+1 l J-j Dy-3 ^ 


.i 


n_x A 

In * n 1 


Tj 25+1 nn 


<ax|Aj3m»> Aax A^.D Y L , n i( n k ) 


£ pll - y/M 12 J (3.31) 

where L’n* come from the expansion of proton wave functions 
in partial waves and II and 12 are complicated series of 
terms involving radial and angular integrals. They are too 
complex to be reproduced here. «~/ 

r- - 17 cuofca* cn~ 

-i Z 
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C . CALCULATIONS : 


She calculations have "been done for the incident pion 
energy of 70 Mev. Shis energy "/as so chosen that it is well 
below the (3,3) resonance region around 200 Me v so that 
resonance complexities do not play a role. Further the 
energy should not be very small that our application of 
Glauber approximation may cause difficulty. Finally, the 
experimental results are available which would directly test 
the theory. 

As stated earlier, the pion wave funct ions were generated 

by solving the Kle in-Gordon equation. Since exact analytical 

solution is not possible, the equation was solved using the 

30 

fourth-order Runge-Kutta method, 

Eq, (3*15) reads 

u” = -f(r) uj + Qili+il -g(r)n u £ 
substituting 

ufc = V £ (3.32) 


this becomes 


n = -fu) + l 


&(&+!) 


-g(^) J 


u„ 


(3.33) 


This is a set of first order coupled equations. Since f and g 
are complex quantities, in all there are four simultaneous 
equations. The choice of Runge-Kutta method is because it 
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provides both the wave function and its first derivative at 
each meshpoint. For solving the Kle in-3-ord on equation 
the PIRK code has been employed. As for the potential, 
three potentials the standard Kisslinger form, the Modified 
Kisslinger form and uhe local laplacian form have been used. 
The potential parameters used are tin; theoretical parameters 
obtained from p ion-nucleon phase shifts and the besr fit 

*ZQ 

parameter s , obtained by Auerbach (listed in Table l) to 
compare the results. The general analysis has been done 
using the theoretical parameter values. As for the density, 
the density function generated from the HP type wave functions 
(eq. 3,20) has been used (Appendix B). The coulomb potential 
has been calculated assuming the nucleus to be spherically 
symmetric uniform charge distribution. Its form is given by 



v/2 0 ) 2 3 


r < B. 

— c 

r > R 

— c 


(3 .34) 


where Z is the nuclear charge and R is the charge radius 

of the nucleus. The values of R for both the nuclei are 

o 

as got from the electron scattering data. 

The oscillator well parameter a (= f ~) is taken 

33 34 

to be 125 Mev, a value obtained from electron scattering * 

35 

experiments and proton scattering experiments , The 

coefficients c £ used in the nuclear wave function are listed 
nn 
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in Table 2. The proton optical well parameters are taken 
from a compilation by Peray et al. 36 ’ 37 . However there 
are uncertainties in the values of these parameters and 
hence we have varied the parameters within allowed range to 
study the differential crosssection. The justification 
for using the square weH has been discussed in the next 
se ct ion . 

I) RESULTS AID DISCUSSION : 

The positive pion absorption by carbon- 12 and' Lithium-6 

systems have been studied. The crosssections have been 

calculated separately for pion absorption by 0 neutron 

2 

and Op g neutron. The investigative analysis include the 
2 

relative importance of pion distortion, nuclear correlations 
and proton distortion, the sensitivity of the crosse ct ion 
with respect to certain parameters like the oscillator well 
parameter a, the proton potential parameters U o ,W Q etc, 
ambiguity in the interaction vertex, the qualitative and 
quantitative differences in the crosssection when the three 
kinds of pion distortion are employed and the relative 
importance of the p ion-nucleus optical potential from the 
point of view of pion absorption. The results have been 
separately analysed for the two nuclei. 
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Dl. CARBOH-12 

Tbe initial crosssection for this reaction which 
employed plane waves for both the pion and the proton with 
neutron represented by the Harmonic oscillator wave function 
were an order of magnitude less than the experimental value. 
However they exhibited a high degree of sensitivity with 
variation in a, the oscillator well parameter. 7/ithin 
allowable range the cross section was uncertain by a factor 
varying from eight to almost three orders of magnitude depen- 
ding upon the proton emission angle. Such fluctuations 

result if a is varied between the minimum value of 120 Mev 

34 

obtained from electron scattering data to 135 Mev, a value 

3 5 

obtained from proton scattering experiments. ^ By employing 
the correlated wave function for the nucleus and taking into 
account the pion and proton distortion, we find that the 
crosssection is very much stabilised with a variation of 
just 15 per cent. 

The differential, crosssection has been calculated using 

both the theoretical values for the potential parameters 

b , b^ obtained from p ion-nucleon phase shifts and the best 

32 

fit parameters obtained by Auerbach et al. . These are 
compared in Big. 1. It is seen that while this change does 
not produce any noticeable difference in the behaviour with 
angle, it does indeed reduce the crosssection by about 
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-50 per cent . This implies that it is very essential to 

employ tie right set of parameters. Incidentally this 

difference is comparable to the maximum difference occur ing 

1 P 

between the theory and fit values in the % - G elastic 
scattering at 69,5 Mev 3,d . 

In Figs . 2-4 the differential crosssection for absorption 

by Opg neutron is compared with that of absorption by 0 

2 2 
neutron, lie Os^ crosssection is found to be lower than 

2 

the Opg case by a factor ranging from 6 to 9 depending upon 
2 

the type of potential used to generate tie pion distorted 
wave s , 

As already been pointed out, the final state interaction 
has been tackled assuming a complex square well (eq. 5,22), 

Since the value f or at the concerned energy is not available, 

the values of C has been employed for the proton optical 

parameters U Q and W Q . Even for G there are sizable 
uncer-tainities in the values and hence tie variation of the 
crosssection with U , W Q , the square well parameters has been 
studied. They are exhibited in Fig. 5. It is found that 
the crosssections are practically insensitive to the variations 
in U q and W Q within allowed range . 

The differential crosssection obtained from the three 
kinds of distorted pion waves are compared In Fig. 6. It is 
seen that while modified Kiss linger results are of the same 
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FIG 5 : Study of the variation cf differential 

crosssection for the reaction 0 ( ^ ,p ) 0 

with proton optical well parameters . 

Pion waves distorted by the Standard 
Kisslinger form. Proton optical well 
parameters in units cf Ivlev: 


Curve Jl : 

U o = 9 

9L = 15 
0 

Curve B : 

U o = 10 

■»o = 20 

C urve C : 

U o = 12 

W 0 = 25 
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FIG- 6 : Comparison of the differential 
crosssection for the reaction 

with the three kinds 
of p ion distortion. 

SK : Standard Kisslinger potential. 
MK : Modified Kisslinger potential. 
I! : local Laplacian potential. 
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order as that of standard Kisslinger model, magnitude wise 
it is slightly lower. On the other hand, employing the 
pion distortion by the local potential lowers the crosssectior. 
by two orders in comparison with Standard Kisslinger results 
However the behaviour with the angle is almost same . A 
detailed discussion about the like iy cause of this is provided 
at the end of Lithium-6 analysis. 

Finally the calculated crosssection is compared with the 
experimental results in Fig. 7. The differential cross- 
section corresponding to Standard Kisslinger potential and 
Modified Kisslinger potential are higher than the experimental 
results by two orders of magnitude, nearly. But the cross- 
sections employing the pion waves generated by the Local 
Laplacian potential reproduce the correct order of magnitude « 
However while it matches with the experimental values for 
Q > 20° it is lower than the measured values for 0 = 0° and 
0 = 11°. Incidentally it should be noted that the measurements 
for 0 = 0° and 11° are done by different experimental 
groups. (Ref 1-3). 

D2 . LITHIUM-6 ; 

Tie cross sect ion for this reaction was calculated because 
experimental data is available, making possible comparison v/ith 
the theory. In fact Amato et al. 3 have measured 6 Li(ic + ,p ) 5 Li 
differential crosssection at 68 Mev systematically for a number 



FIG- 7 : Comparison of the differential cross- 

i llrv 

section for the reaction ^Q(% ,p ) o 

# 

with experimental data. 

Curve A : Standard Kisslinger results. 

Curve B : Modified Eisslinger results • 

Curve C : Local Laplacian results. 

JE^ ; Calculations by J ones and Eisenberg. 

10 

WK : Calculations by Wienie. 

5 

EL : Calculations by Leutournex and Eisenberg. 

RE 9 : Calculations by Rost and Eunz. 

MP 11 : Calculations by Miller and P hat ah 
Curves JE and RE have a normalisation factor 
10 and 80-160 respectively. 
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of angles between 30° and 90°. Farther, so far only one 
theoretical calculation has been done on ^Li. I! his 
calculation by WienJse^® employes a field theoretic method 
with pion and proton represented by plane waves while the 
neutron is represented by Harmonic oscillator with exponential 
tails. The pion rescatter ing has also been taien into 
account which prevents the crosssection from falling with 
angle rapidly. 

She availability of experimental result over 

12 

a wide range of angle in comparison with 0 has motivated 

us to do a systematic analysis of various effects on ^Li. 

The calculations in the case of Lithium have been done using 

theoretical values for the ^-potential parameters b and b„ . 

o ± 

32 

Attempts to produce best fit parameters failed . 

19 39 

There has been certain ambiguity 5 about the inte- 
raction vertex particularly over the inclusion of the term 
-V/2M in the coefficient of (eq. 3.2). It has been 
found by our calculation that the difference between the two 
cases produce only a change of about 16 per cent in the 
calculated cross section both at 0° and at 90°. This is in 
contrast with the results which dont tale into account pion 
distortion and nuclear correlations producing 35 per cent 
change . 
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■The variation of the crossse crtion with a, the oscillator 
well depth parameter comes out to be about 25 per cent a 
figure higher than the carbon results, but considerably 
lower than the earlier results. She likely cause is discussed 
at the end . 

Figs. 8-10 exhibit the variation of differential cross- 
section with U Q , w the proton optical well parameters. 

Ibis variation is very small. Similar to the case of carbon, 
the variation is negligible. 

The differential crosssection has been calculated 
using in turn pion waves generated from the three potentials. 
The results are presented below separately. 

1. Standard Kisslinger Form 

Fig. 11 exhibit the crosssection for pion absorption 
by lithium when the standard Kisslinger potential (eq.. 3.10) 
is employed. The calculation includes pion and proton 
distortion together with nuclear correlations (curve A) It 
is actually two orders of magnitude higher than the experi- 
mental value . In the same figure tin relative importance 
of pion distortion, nuclear correlations and the proton 
distortion are studied. Curve B is obtained by switching off 
the pion distortion due to the strongfield of tlx; absorbing 
nucleus . However this takes into account the coulomb 
distortion and tie finite size of the nucleus. This lowers 



PIG- 8 : 


Study of the variation of differential 
crosssection for the reaction "Li(it + ,p j^Li 
with proton optical well parameters. 

P ion distorted by the Std. Kisslinger 
Fora. In units of Mev, 

Curve A U = 9 , 'JL = 15 

C 7 0 

Curve B U = 10 , A = 20 

o 5 o 

Curve C T J = 12 , W = 25. 

o ’ o 

FTC 9 : Study of the variation of differential 

5 -j- 

crosssection for the reaction li(it' ,p )°Li 
with proton optical well parameters. 

Pion distorted by the Modified Kisslinger 
form. 

In units of Mev, 


Curve 

A 

U 0 = 9 , 

= 15 

0 

Curve 

B 

n o = io , 

•>o = 20 

Curve 

C 

i = 13 • 

"o = 25 







FIG IQ • Study of the variation of differential 

C , R 

crosssection for the reaction Li( di 
with proton optical well parameters. 

Pion distorted by the local Lapiacian forn. 

In unit of Mev, 

Curve A : l T o = 9 , K Q = 15 

Curve B ; U = 10 , W = 20 

o ’ o 

Curve C ; IT = 12 , iff = 25. 

o 7 o 


PIG- H : Angular distribution for the reaction 
6 Li(x + ,p ) ^Li. Study of relative 
importance of pion distortion, Nuclear 
correlations and prot on distortion. 

Pion distorted by the Standard Kisslinger 
Potential. 


Curve 

A : 

All effects included. 

Curve 

3 : 

Pion distortion by strong 



field excluded (scaled) 

Curve 

C : 

Nuclear correlations excluded . l 

Curve 

D : 

Proton distortion excluded . 







64 


the crosssection by a factor of 500 (curve 3 scaled in the 
graph). Secondly the effe ct of peaking in the f orv/ard 
direction is enhanced. Curve 0 results when only the 
nuclear correlations are neglected. ibis reduces the cross- 
section (in comparison with curve A ), Further this e nuances 
the forward peaicing but equally causes an increase for 6 > 60 ? 
Curve D represents the cross-section when one ignores the 
outgoing proton distortion. Here again the crosssection 
shows an increase in magnitude , These curves indicate 
that pion distortion is very important. Further for the 
correct behaviour the correlations are equally important. 

For, the experimental results indicate that the crosssections 
vary slowly with angle for e 60 . This effect is given 
by including the Hartree-Fock wave f unct ions . In this context 
it is well to remember that the correlated wavef unctions 
enter into the formalism explicitly through nucle ar wave- 
functions and as a density function in the pion-nucleus 
optical potential. Inclusion of the correlations stabilises 
the behaviour for e > 60 °. 

The interaction vertex between the pion and the nucleon 
(Eq. 3.2) comprises of two terms, one dependent upon the 
gradient of p ionic field and the other dependent upon the 
p ionic field. Barnhill 39 has pointed out that there is 
ambiguity regarding the coefficient of the second term i.e. 
term. In Fig. 12 the effect of these two terms are 



60 

Angle { 
FIG. 13 
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investigated. Curve A is the' actual crosssection plotted 

for reference . Curve 3 represents the crosssection with 

Vw term neglected. This therefore includes only term. 

It is seen that the crosssection registers a slight increase 

while orderwise it is the same as curve A. On the other hand 

if one includes only the term the crosssection decreases 

by two orders of magnitude (curve C - scaled in the fig.) 

emphasising the dominance of y term over the % T term. 

it D 

The p ion nucleus optical potential used to generate the 
p ion waves consists of two terms: the s-wave term and the 
p-wave term. The relative importance of these two terms- 
from the point of view of (m ,p) differential reaction is 
studied in Fig. 13. Curve A represents tie actual cross- 
section, Curve 3 is the result of switching off the s-wave 
term. Therefore it includes only tie p-wave term. The 
effect is a slight increase in the magnitude. On the other 
hand if the p-wave term is suppressed. the crosssection falls 
down by two orders of magnitude ( curve -C-scaled in the figure). 
This very clearly emphasises the dominance of tie p-wave 
term over the s-wave term. 

2. MODIFIED KISSLIEGER FORM 

Wi©n one employs the modified Kisslinger potential 
(eq. 3.11) to generate the p ion-waves, the behaviour of 
(it + ,P) crosssection is very similar to that obtained from 



F IG 14 : Angular distribution for the reaction 

^Li (n + ,p) 5 Li using Modified Kisslinger 
Potential. Study of relative importance 
of p ion distortion, nuclear correlations 
and proton distortion. 

Curve A : All effects included. 

Curve B : P ion distortion by strong field 
excluded (curve scaled). 

Curve C : Huclear correlations excluded. 
Curve P : Proton distortion excluded. 


PIG 15 


Angular distribution for the reaction 
^Li (x + ,p )^Li using Modified Kiss linger 
potential. Study of the relative 
importance of the two terms in the p ion- 
nucleon interaction vertex. 

Curve A : With both terms present. 

Curve B : With only 7 term present. 

Curve C i With only term present . v ** 



FIG- 16 : Angular distribution for the reaction 

^Li (nfjp )®Li using Modified Kisslinger 
potential. Study of the relative 
importance of the s-wave term and the 
p-wave term in the pion nucleus optical 
potential. 

Curve A : With both terms included. 

Curve B : With only p-wave interaction. 

Curve C ; With only s-wave interaction (scaled). 


FIG, 17 Angular distribution of the crosssection 
for the reaction 6 li(7c + ,p )^Li using local 
laplacian potential. Study of relative 
importance of pion distortion, Nuclear 
correlations and proton distortion. 

Curve A : All effects included. 

Curve B : Pion distortion by strongfield 
excluded (curve scaled). 

Curve C : Nuclear correlations excluded, b'vy a 
Curve I) : Proton distortion excluded. 
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crosssection got from, other potentials, the relative 
dal fere nee "between curve 3 and curve 0 is not as pronirert 
as the other two cases (Figs. 12 and 15). The crosssection 
with only 7^ term included is small compared to the actual 
crosssection by a factor of 4 only. 

Fig. 19 studies the relative importance of the two 
terms in the Local laplaciam form. If the s-wave term is 
neglected then the crosssection (curve 3) is increased and 
equally the peaking in the forward direction is enhanced. 

Inis is in contrast to the curves obtained in the other two 
cases (compare figs. 12 and 15). In fact this feature of 
the Local Laplacian form gets reflected in the actual cross- 
section (curve A). On the other hand, when only the s-wave 
term is included there is a reduction in the crosssection 
together with the suppression of peaking effect in the forward 
direction. 

Thus the analysis with different potentials imply that 
the p-wave part is the more dominant of the two terms. Further 
it also establishes the importance of pion distortion and 
nuclear correlations. 

Finally the calculated crosssections are compared with 
the experimental data in Fig. 21. lie crosssections are two 
orders of magnitude higher than the experimental value when 
one employs either Standard Kisslinger potential or Modified 



FIG 18 : 


Angular distribution for the reaction 
,p)^Li using local Laplaeian 
Potential. Study of the relative 
importance of the two terms in the p ion- 
nucleon interaction vertex. 

Curve A : With both terms present. 

Curve B : With only v term present. 

Curve C : With only v, T term present (scaled). 


FIG 19 : Angular distribution for the reaction 
^Li (n + ,p )^Li using Local laplaeian 
Potential. Study of the relative 
importance of the s-wave term and the 
p-wave term in the p ion-nucleus optical 
potential. 

Curve A : With both terms present. 

Curve B : With only b^ term. 

Curve C : With only term (scaled) . 
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FIG 2 0 : Comparison of tie differential 

crosssection for the reaction 
^Li ( 7c" r jP )^Li with the three 
kinds of pion distortion. 

K : Standard Kisslinger potential (scaled ) 
M : Modified Kisslinger Potential (scaled) 
LL : Local Laplacian potential. 





FIG- 21 : Comparison of the differential cross- 

6 - Jx 

section for the reaction Li(n‘ ,p) ri 
with the experimental data. 

Curve A s Results with Modified 

Kisslinger Potential (scaled) 
Curve B : Results with Standard 

Kisslinger Potential (scaled). 



FIG- 22 s Comparison of the differential 
crosssection for the reaction 
Li (m ,p ) -J Li with experimental 
data. Smooth curve (— ) is the 
result obtained by employing Local 
potential to distort p ion waves. 
Lashed ( ) curve is that obtained 

rzo 

by Wienie , 
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dominant in comparison with the s— wave term. Partner when 
one puts off the p-wave term the crosssection falls by two 
orders oi magnitude implying that tie p— wave term is over 
dominant. On the other hand in the case of Local Lap lac inn 
case even trough it is dominant it is not as dominant . In 
the interaction term eq. 3.2 the importance of ~ ^ term has 

already been seen, Thus the pion waves generated by the 
inclusion of non-local term together with 7 i term in the 

71 

interaction vertex are responsible for the enhanced cross- 
section in the case of standard Kisslinger potential and 
Modified Kisslinger Potential. In fact with these two 
potentials the pion distortion gets over emphasised. 

The shifting of minima in the case of Lithium and 

other possible discrepancies like , a slightly higher variation 

in the crosssection with a, in comparison with the carbon- 

results are possibly due to the nuclear wave function which 

is employed for lithium-6. Strictly speaking the formalism 

from which these nuclear wave functions are generated (sec 2D) 

are applicable only to closed shell or closed sub-shell 

nuclei. But Li 6 belongs to neither category. The 

G £ 1 s for lithium were generated by assuming a spherically 
nn 

symmetric HP field.. These calculations are similar to that 

of 6 B 3 which has 0s 1 level completely filled and 0p 3 exactly 

2 2 


half filled 



This is confirmed by the preliminary results from the 
calculations of ^0(-n; T ,p)^0 reaction using this Hartree - 
Pock formalism ?/hieh is presently being carried out^. In 
this spherical nuclear case, the calculations yield a minima 
around 80° consistent with experimental results. This is 
further borne out by the fact that in the case of Helium 
(chapter 4) the employment of this HP formalism yield a 
minima at 80°, 

A complex square well has been employed to treat the 
p ion-nucleus scattering. Strictly speaking, the potential is 
not expected to plunge to zero abruptly. But the proton- 
energy being large, the absorption is expected to be more 
or less uniform throughout the volume. Again the details of 
the nuclear surface ate expected to play an important role 
only for large Z where coulomb repulsion is more effective. 
Moreover the spin-orbit term is just about 2-3 MeV at the 
proton energy considered . Consequently we believe that the error 
due to square well is small. 

E. CONCLUSIONS : 

The present analysis of (x + ,p) reaction with carbon and 
Lithium leads to the following conclusions. 

All the three effects like pion distortion, nuclear 
correlations and final state proton distortion are 
important in general. 


1 



2 


In. the presence of p ion distortion and HP -wave functions 

for the nucleus, the undesirable sensitivity of the 
crosssection with parameters like the oscillator well 
depth parameter a, disappears. Squally, the crosssecticr.s 

are stabilised with respect oo the proton optical 
parameters. The ambiguity over the inclusion of the 
term - u / 21,1 in the interaction vertex does not seem to 
affect the pion absorption crosssection. 

3. Ihe crosssection is sensitive to the kind of pion 

distortion one employes* She crosssect ions are nearly 
two orders of magnitude higher than the experimental values; 
if Standard Kisslinger Potential/Modified Kisslinger 
potential is employed. With these potentials, the 
importance of pion distortion seems to be overemphasised* 

On the other hand employing the local potential results 
in a crosssection closest to the experimental value. 
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CHAPTER. 4 


POSITIVE PIOTI A3SORPTICIT 3Y HELIUI-l'-4 
A. INTRODUCTION 

The importance of pion distortion and nuclear coorelat ions 
in the reaction z a(tc + ,p) z A- 1 was already seen in the analysis 
with Lithium and Carbon nuclei. Further, the inclusion of 
these effects reproduced the behaviour of angular distribution 
of the crosssection with reasonable success. In this context, 
it should be noted that the radial Hartree-Fcck formalism 1 
which has been employed to tale into account correlations 
should indeed work well with the Helium system, This is 
because of its being the lightest spherical nucleus. It is 
these considerations which provided the recessary motivation 
to study the positive pion absorption by Helium-4 with the 
emission ox a single nucleon. Even though experimental results 
are not available for this reaction, the results are compared, 
using the principle of detailed balancing, with the (p ,ti + ) 
re action. 

This study of %e(x + ,p ) 3 He reaction tales into account 
the pion distortion, nuclear correlations and the proton 
distortion. The pion distortion includes both coiilombic 
and nuclear distortion effects* The nuclear wavef unctions 



are generated by a radial Hartree-Eock ealcalation assuming 
a spherically symmetric HP field for the Helium-nucleus* 
these are similar to the formalism employed in the ore vie us 
chapter* In the case of proton distortion two different 
approaches have been employed. 2 his has beer, done with a 
two-fold objective j ( i) to study the importance of proton 
distortion on the crosssection and ( ii ) to isolate any 
characteristic features induced by employing the high energy 
Glauber approximation and a complex square well. 

In the first approach, the proton distortion has been 

included through the high energy approximation employing 

for the proton-nucleus optical potential, a complex square 

well. The formalism here is basically the same as that 

considered in the study of Oar bon and lithium systems. In 

the second approach, starting from fundamental nucleon- 

*2 

nucleon interaction, a proton-He potential has been constru- 
cted through a variational calculation. This is described 
below . 


B 


THEORY 03? PROTON DISTORTION 


The manybody Schrodinger equation is given by 


{ 2 t + Y.r , , } it = E $ 

u T Many body J v 


( 1 ) 


Difficulties in solving this equation are two-fold 



a: 


1. Need, to know the correct V. 

2. Even if y were known (suppose) then only approxi- 
mate methods are available to solve this Schrcd inge 
eqn. 


As for the xirst, one normally starts with two-body forces 
assuming that three and higher body forces are absent. Thus 


V = 2 

i/D 



( 2 ) 


As for the second, tie approximate methods available are 
few. Out of them methods like Born approximation, 
Perturbation theory etc, involve tie smallness of certain 
parameters for validity. But the variational method does 
not involve any such constraint and is hence preferred here, 

5 

In this approach, the proton-Be system is considered 

as a two cluster problem. This method is similar to the 

2 

one-channel approximation in Resonating group method as 
applied by Tang et . al. ^ but with some fundamental 
assumptions. Firstly it is assumed that tie residual 
Helium-3 system is at rest which is not strictly correct. 
Secondly the outgoing proton wavef unction is not antisymme- 
trized with respect to nucleons of Be . This is justified 
on the grounds that the outgoing proton has a large energy 
in comparison with the average energy of nucleons in Helium-3 
The basic steps involved are a right choice of trial wave- 
f unction, choice of the interaction Hamiltonian (with a 



suitable choice of nucleon— nucleon interaction), application 
of the "Variational method, and the solution ox the resulting 
equation for generating the proton wave functions . 

B1 Wave function 

fhe trial wave function chosen to represent the nucleon 

3 ■ 

of He is o. single gaussian. Thus the wav ef unction of the 
cluster is given by 

3 

$ = e xp {- i a l rf } P (R ) 5 (3) 

^ i=l - Sr 

where P(R) is the outgoing proton wave function and 
is the sp inpart. She choice of gaussian form is to 
facilitate . the solution of integrals analytically. The 
value of a (bar employed to distinguish it from the os cilia 
tor well depth parameter used elsewhere ) has been fixed so 
as to reproduce the correct r.m.s. radius for Helium-3. 

This yields a value 0.36 P"”^ for a. 

B2 Interaction Potential 

The nucle on— nucle on interaction potential chosen is 
a pure two— body central potential of gaussian form. However 
the fact that they differ in the singlet and triplet state 
is t ak en into account. This choice of pure central 
potential is to facilitate computation. 



The potential is given by 



where = -V oi .exp [r K ^ J ^ V s " ^os cX? 

(5) 

p° and P"? . are spin and space exchange operators re o^ecvi 
i3 i-3 

and x corresponds to isospin. 


B3 The Method 

The total Hamiltonian for the system is given by 


c2 4 


H = rrc— ^ i? + .2 . 


-r 

ST ’1 * i>j 


( 6 ) 


The wavef unctions are determined from the variational 
e quat ion 

< 5 4» | H-E l $ > = 0 ^ 

This being the scattering problem, one varies the relative 
wavef unction of proton 3?(E) itself 5 . It should be 
remembered that variation in *<S) and E*(S) are 
independent . 0* then expands the proton wavef unction 

in partial waves as 

fo(R) , i 

nS) = i -3— V 003 ® 5 


( 8 ) 



Upon substituting it in eqn. (7) and solving all the neces, 
integrals analytically one gets the following differential 
equation for each partial wave. 


f « « 

£ 


4 - 


[> 


? 

-b.r 4 

„e * + 


a e 
s 


-3 R 
s 


2 


C 

il 


I, 

R 


= O (9) 


with 


A t = - (aa/* 2 ) Ct ( — a_j 3 /2; j 

oc+k, 

( 10 ) 

B t = K t ~ K tA a + K t ) - 

A s = - («i/fi 2 ) C^yjf-) 3 / 2 ] 

( 11 ) 


0 = 4Me /ft 

(12 ) 

D = £(£+ 1) 


substituting = f£ 

(13) 

eq. (9) becomes of the form 


nfc = -x(R) f £ 

(14) 


This system of coupled first order equations has been 
solved numerically using the Fourth-order Runge-kutta 
method 6 to generate the proton-waves. 



THEORY OE PION ABSOSPHON 


C . 


According to the first order time independent pertur- 
bation theory, the differential crosssection for the (% r ,p ) 
reaction is given by 


do _ M k 

(2m) 2 ~'° 1 


l |<f|H|i>j 2 
f 


(15) 


where H is the Galilean invariant form of the r. on- 
relativistic reduction of the pseudo-scalar pseudo- vector 
interaction 


H = 


f 

P 


4 

2 [2(1— y/2M) a.7 t , $ — u/M x o. 
i=l 71 


'll 


J 


(16) 


Notations are similar to that employed in chapter 3 unless 
defined otherwise. The initial state [ i> comprises of 
the positive pion and He^ nucleus while the final state is 
made up of vacuum state of pionic field, the emitted proton 
and the residual nucleus He^. The formalism employed is 
very similar to that of pion absorption by Lithium and 
Carbon. Hence the ingredients are sketched briefly. 

Cl Pion distortion 

The incident pion has a kinetic energy of 70 Mev and 

7 

hence the following Klein-Gordon equation has been solved 
to generate the pion waves. 



Consequently 


i f> = ( 24 ; 

Scheme £ : 

In this scheme tee proton— Helium 3 system has been 
studied ohrough a variational approach as described in 
sec. B. The proton wave s are generated by the solution cf 
e quat ion 9 * 

D . CALCULATIONS 

The calculations have been done for the reaction 

He (tc ,p ) He (g.s,). The incident pion energy is taken 

to be 70 Mev for reasons already stated (sec G chap. 3). 

All the requisite angular integrals have been solved exactly. 

Three kinds of pion-Nucleus optical potentials have been 

considered to account for the pion distortion viz : Standard 

Kisslinger form, Modified Kisslinger form and the local 

Laplacian form. The potential parameters employed are the 

theoretical parameters listed in Table 3, The density 

function derived from our HP wavef unctions has been employed 

for the matter density. The coulomb potential has been 

calculated assuming the nucleus to be a spherically symmetric 

uniform change distribution. The expansion coefficients 

c £ used in the nuclear wavef unction are listed in Table 4. 
nn 

The proton optical well parameters for the square well 
potential are got from ref. 10, 
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In the calculation of the crosssection employing 
scheme 2 for the final state proton distortion, the calcu- 
lations have been done without considering p ion distortion 
as otherwise the formalism becomes too cumbersome. The 
values of V q1 _ and Y qs have been varied as free parameters 
to reproduce the correct order of magnitude consistent with 

the results of other method. The values of K and k 

t s 

are the same as in ref . 3 . 

E. RE SUL IS AND DISCUSSION 

The calculations have been done taking into account 
p ion distortion, nuclear correlations and proton distortion* 

The results are presented in Pigs. 23 ana 24. In Pig. 23 
curve A represents the calculated results employing standard 
Kisslinger potential for pion distortion with the final 
state proton distortion accounted through high energy Glauber 
approximation. Curve 3 differs from curve A in that the 
pion distortion has been taken into account through Modified 
Kisslinger potential. The crosssection is slightly lower 
than that of curve A. The behaviour of this angular distri- 
bution of the crosssection is r- similar to that of curve A. 
The calculated crosssection taking into account the pion 
distortion through the local Laplacian potential is illustrated 
in Pig. 24 (let us say curve D for the discussion). rhe 
crosssection in this case is two orders lower than that of « 



PIG- 23 : Differential crosssections for the 
re action 4 He (tu + ,p ) 3 He . 

Curve A : Results obtained with Standard 
Kisslinger Potential* 

Curve B : Results obtained with Modified 
Kisslinger Potential. 

Case C : is the result of the calculation 

with protons distorted by. a 

variational calculation and picn 

plane (scaled). Parameter values ore 

V =10 Mel V nr , = 20 MeV 
os Or 
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PIG- 24 : Differential crosssection for the reaction 
(me ,p) He using local Laplacian form 
to distort pion waves (scaled). 
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CONCLUSION 

Ihe present study includes all the factors like pion 
distortion, nuclear correlations and proton distortion. 

The analysis has indeed demonstrated the importance of 
these factors particularly nuclear correlations and picn 
distortion, in the presence of which all unnecessary 
sensitivities disappear. Further the calculation yields 
a higher value for the crosssection than the experimental 
result when one employes either Standard Kisslinger potential 
or Modified Kisslinger potential. Employing Local Laplacian 
potential, good agreement with experimental results have been 
achieved . 

In this context, it has already been pointed out 
that some of the partial waves generated by Standard 
Kisslinger potential exhibit peculiar behaviour at a radial 
distance of 1 fm. This is naturally disturbing because of 
the presence of dominant ^ term in the interaction vertex 
coupled with the fact that crosssection depends upon the 
square of the matrix element. However earlier attempt to 
overcome this by Kr oil— Kisslinger model has not been successful. 
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Further the p ion reaction crosssections are sensitive 
to off-shell extrapolation one employes in the determination 
of op tical potentials. The present analysis has amply 
demonstrated this. In addition, it emerges from our analysis 
that the local Laplaeian form is best suited, out of the 
three potentials studied, for such processes . 

Another point to be noted, in the context of pion 
distortion, is the uncertainty in the value of He b c as 
has been demonstrated by the elastic scattering studies with 
p ions • The small value of Re b Q stems from an almost exact 
cancellation between a=3 phaseshifts and a=l phase shifts 
(Eqn. 26, 27 Chap 2). Consequently any small error arising 
from impulse approximation, static approximation etc. are 
magnified in the final result. 

In conclusion, it can be said that there is need for a 
correct off-shell extrapolation which can explain both 
elastic scattering data as well as pion reactions* 
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iPPBKDIX 

Ear tre e-Bock Density Distribution 


The density of the particles inside the nucleus is 


P o (r) ^ a ^ 1 'i ¥ ( r l ,r 2 ’*** r a-l ,r,r cc+l*** r k^ 


dr dr ...dr 1 dr ....dr (Al) 

i 2 a-1 a+1 A 


where *?(r^,rg.. .r^) is taken to be fully antisymmetric 
product of an ortho-normal set of single particle wave- 
functions {4 } . Using this and integrating over A-1 

Ou 

coordinates, one obtains 


A , 

P (r ) = 2 **(r) <P (r) (ASJ 

° a=l a a 

But « (r) are single particle HP wavef unction related bo 
a 

Harmonic oscillator basis through 

(r) = 2 C? 4> (r) ( A3 ) 

a y p y 

where C’s are expansion coefficients 

A y# y 

Defining Pyu * = y= 1 Gy °v* 


eqn. A2 becomes 


p„„. ♦; U) * U ,U) 


'o(^) = A 1 , T l> ' ' 

u ^ P]i ! 

i is added so that j P 0 ( r ) 1 r = 1< 
A 


where 



2 “V 1 


( 25 ) 


dp | 

dft + 
pit 


2(2J A-1 +1) 




+ 

Ti D 


where is the total spin of Helium-4 system, J , 1 that 

of Helium 3, q and k are the momenta of p ion and proven 
respectively. Employing the results of curve A in eqn. (25;, 
the calculated different ial cross section for the reaction 
He (p f 7i ) He (g.s.) at e = 0° comes out to be 4 m b/sr . 

These are tabulated below for easier comparison. It 
should be remembered that the proton kinetic energy in this 
calculation is 150 Mev. The calculated crosssection compares 

favourably with the measured data. 

Table 5 


Re action 


3 He (p, 7 t + ) 4 He 


Kinetic energy of 
proton T 

Differential crosssection 
for -6 = 0° 

dc 

dn 

600 

Mev 

18 + 2^ a pb/sr 


415 

Mev 

13 Vb/ sr 


150 

Mev 

4 pb/sr our calculation 



(a Data taken from ref. 13. 
(b Data taken from ref. 14. 
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employing the standard Kisslinger form. 2 he relative 

changes (Figs. 14—16) as the various effects are studied, 
are very similar to that of standard Kisslinger analysis. 

Hence an analysis here will only male it redundant. 

3. LOCAL LiPLAClAH FORM 

The features of the analysis when pion waves are 
generated by using the Local potential (eq . 3.12) are 
somewhat different from the earlier cases. Fig*. 17 
studies the relative importance of different effects like 
pion distortion nuclear, correlations and proton distortion. 

If all the effects are taken into account, curve A results. 

If the p ion-nucleus optical potential is switched off then 
the crosssection falls by a factor of 7 unlike the earlier 
cases (curve B). On the other hand if the nuclear correla- 
tions are switched off, the reduction in the corsssection is 
by a factor of 6, thereby emphasising that nuclear correla- 
tions .are as important. However if the emitted proton 
distortion is neglected then the crosssection is nearly 
doubled. Otherwise the behaviour with angle are very similar 
to the earlier cases. 

The relative importance of the two terms in the inter a- 

t 

ction vertex are exhibited in fig. 18. In view of the fact 
that the differential crosssection with pion distortion using 
Local potential is two orders of magnitude lower than the 
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Kisslinger form. Even though uhe near constancy of the 
crosssection for 0 > 60 * is explained well, it does not 
explain the rise in the crosssection in the forward direction. 

On the other hand, the calculated crosssection using 
the Local Laplacian potential reproduces the correct order 
of magnitude . This is compared with the experimental 
result in Fig , 22, The calculated values match well with 
the experimental cross sect ion for 6 > 60°, The minima 
occuring around 70° gets shifted towards 50°. Further, in 
the forward direction, the peaking is better represented in 
comparison with the results of other two potentials, though 
not as pronounced as the experimental curve, 

'The above analysis of both carbon and Lithium indicate 
that when one considers the pion to be distorted by Local 
Laplacian potential, the results match well with experimental 
results than the case when the pion is distorted by either 
standard Kisslinger potential or Modified Kisslinger potential. 
Further the crosssection with the latter two potentials are 
nearly two orders of magnitude higher. The likely cause 
for this is .as follows. 

If one loots at the potential forms (eqs. 3.10-3.12) 
one finds that the nonlocal term v.p ^7 which is present 
in the other two potentials is absent in the Local Laplacian 
potential. It has already been seen that the p-wave term is 
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where cj' are the mixing coefficients which induce the 
nn 

central correlations between the nucleons. represents 

c r 

the residual system. 

03 The outgoing proton wavef unction 

The dist ortion of emitted proton in the field of residual 
nucleus has been included through two different ways , as already 
described . 

Scheme 1 

In this scheme, the proton-nucleus optical potential is 
assumed to be a complex square well ? of strength 


v = - (u + I# ) 
% 0 0 


= o 


r < R 


r > R. 


( 21 ) 


Since the proton energy is high, Glauber’s high energy 


approximation has been employed. In this approximation, 

9 

the wavef unction of the outgoing proton is given by 


, ik’.r - n v 
4> = e h x, 

P i M 


( 22 ) 


where 

with 

and 
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R 


exp \jr W MR/iQ 


3R. 


= <(R 2 -r 2 s in 2 e) 1/2 > = "i 2 > 9 = (k,r) 


( 23 ) 


U M 

— > r-*' / v. 0 

k* = k (1 + ~a~ 
k^ 
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